INTRODUCTION
Each year over 220,000 patients in the United States are diagnosed with central nervous system (CNS) cancers or brain metastases (1, 2) . Many of those patients are successfully treated with large-field or whole-brain irradiation (3) , but approximately 50% of survivors present months to years later with radiotherapy-associated progressive cognitive deficits that decrease their quality of life (4) (5) (6) . The cellular and molecular mechanisms of chronic radiation-induced brain injury are not fully understood, but acute and chronic neuroinflammatory changes follow whole-brain irradiation and may contribute (7) . Activated microglia can alter neural function by changing their production of cytokines and/or trophic factors, modulating synaptic plasticity, altering the neuronal microenvironment, and reducing ongoing neurogenesis (8) (9) (10) . Inflammatory effects on neurogenesis have been linked to cognitive dysfunction (11) (12) (13) , suggesting that interventions that modulate inflammation and/or protect neurogenesis may ameliorate radiation-induced neural injury. Cellular markers of the neurobiological response to radiation (7, 8, (14) (15) (16) ) facilitate assessment of the efficacy and possible mechanisms of action of therapeutic agents.
Blockade of the renin-angiotensin-aldosterone system (RAAS) is an attractive therapeutic target for reducing radiation-induced inflammation and brain injury. Several organs, including the brain, have an intrinsic RAAS that functions independently from the systemic RAAS (17) . Angiotensin II (Ang II), the best-characterized biologically active RAAS peptide, contributes to inflammatory responses and influences neuronal function in the brain via angiotensin II type 1 (AT 1 R) and type 2 (AT 2 R) receptors (18) . Previous studies demonstrated (by immunolabeling and/or receptor binding) expression of Ang II receptors on neurons and glia within the hippocampus and in other regions of the CNS (19) (20) (21) (22) . RAAS inhibition with an angiotensin-converting enzyme inhibitor (ACEi) and/or an AT 1 R antagonist (AT 1 RA) ameliorates radiation-induced damage in the lung, kidney and optic nerve (23) (24) (25) , changes in neurogenesis (26) , and cognitive dysfunction (27) (28) (29) . It is easier to interpret effects of AT 1 
R blockade than
Note. The online version of this article (DOI: 10.1667/RR2560.1) contains supplementary information that is available to all authorized users. 1 Address for correspondence: Department of Neurobiology and Anatomy, Wake Forest School of Medicine, Medical Center Boulevard, Winston-Salem, NC 27157-1010; e-mail: driddle@wfubmc.edu. ACE inhibition, since ACE cleaves biologically active peptides that are unrelated to the RAAS (30), so we have focused on evaluating the effects of RAAS blockade with an AT 1 RA. L-158,809 is 10-100 times more potent in vivo than the widely used AT 1 RA losartan (31) , attenuates radiation-induced damage in the kidney and lung (23, 24) , and, like other drugs in its class, is lipophilic and crosses the blood-brain barrier (BBB, see Discussion) (32) . Moreover, the drug ameliorates radiation-induced cognitive dysfunction when administered during and after fractionated whole-brain irradiation (27, 28) .
We found previously that L-158,809 treatment did not alter neurogenesis or microglial markers of neuroinflammation at 6 and 12 months after fractionated irradiation (16) , at which time behavioral testing demonstrated radiation-induced cognitive dysfunction that was ameliorated by L-158,809 (27) . Given that L-158,809 treatment for only a few weeks after irradiation also protects rats from cognitive deficits (27) , we hypothesized that benefits of the drug for cognitive function might involve reducing inflammatory processes in the period immediately after irradiation. Therefore, in this study, we assessed whether treatment with L-158,809 during and for up to 12 weeks after irradiation ameliorated radiation-induced neuroinflammation and changes in neurogenesis. We tested a single whole-brain dose of radiation in this analysis of shorter-term effects, since (1) most data concerning radiation-induced neurobiological changes in rodents are from single-dose studies (7, 14, 15 33-35) , (2) a single 10-Gy dose can cause cognitive dysfunction in rodents (35) (36) (37) (38) (39) (40) (41) , and (3) it is more straightforward to interpret acute and short-term neurobiological changes after a single dose than after multiple doses over an extended period. Previous studies from this and other laboratories demonstrated that 10 Gy radiation produces a microglial inflammatory response and decreases neurogenesis in the subgranular zone (SGZ) of the dentate gyrus (DG) of young adult rats (14, 37, (41) (42) (43) , robust neurobiological responses against which to test the efficacy of drug treatment.
We evaluated expression of Ang II receptors and ACE2 to test for effects of the AT 1 RA and whole-brain irradiation on the local brain RAAS. Since activation of the AT 1 R produces pro-inflammatory actions (44, 45) , we tested whether whole-brain irradiation and L-158,809 affected expression levels of cytokines that have been implicated in studies of radiation-induced neuroinflammation (46) (47) (48) . At the cellular level, we assessed the number of microglia and the percentages of proliferating or activated microglia in the DG granule cell layer (GCL)/hilus.
MATERIALS AND METHODS
Methods are summarized below, and details are provided as Supplementary Information (http://dx.doi.org/10.1667/RR2560.1.S1).
Animals
Sixty male Fischer 344 rats were purchased from Harlan Sprague Dawley, Inc. (Indianapolis, IN). Rats were housed individually on a 12:12-h light:dark cycle with ad libitum access to food and water and were acclimated for 3 weeks prior to irradiation at 12 weeks of age. The animal facility at Wake Forest University School of Medicine is accredited by the American Association for Accreditation of Laboratory Animal Care and complies with Public Health ServiceNational Institutes of Health and institutional policies and standards for laboratory animal care. All procedures were approved by the Institutional Animal Care and Use Committee.
Drug and Radiation Treatment
L-158,809 treatment (20 mg/liter drinking water; average dose 2 mg/ kg/day; see the Results) began 5 days before whole-brain irradiation and continued throughout the course of the study (27) . Animals were randomly assigned to one of four conditions: (1) sham irradiation, (2) whole-brain irradiation, (3) sham irradiation/L-158,809 and (4) wholebrain irradiation/L-158,809. At 12 weeks of age rats were anesthetized with ketamine and xylazine and irradiated (10 Gy) in a 137 Cs irradiator with collimating devices for delivery to the whole brain and lead shielding to protect the eyes and body. Sham-irradiated rats were anesthetized but not irradiated. Neurobiological changes were assessed at 24 h, 1 week and 12 weeks postirradiation. The 24-h time provided a baseline for changes in the weeks after irradiation, since previous studies demonstrated that after single-dose irradiation levels of inflammatory cytokines were at or near control levels at 24 h after a more acute increase (peaking at 4 h) (49) , and since acute, radiationinduced cell death in the DG is completed by 24 h (43). The other times were based on previous evidence from young rodents for an early radiation-induced decrease in proliferation within the SGZ (24 h) followed by a transient increase (1 week) in proliferation and then a sustained decrease in proliferation and neurogenesis (12 weeks) (43) . In addition, increased microglial activation in the DG GCL/hilus has been reported at 12 weeks after whole-brain irradiation (8, 34) .
Tissue Processing
Rats from each group were deeply anesthetized and decapitated at the end of the designated survival period (n 5 4-8/group). Brains were rapidly extracted, chilled and hemisected at the midline. The right hippocampus was removed, frozen in liquid nitrogen, and stored at 280uC until processing for quantitative real-time PCR (qRT-PCR). The left hemisphere was fixed in 4% paraformaldehyde; serial coronal sections through the entire hippocampal formation (bregma 21.8 to 26.9) (50) were cut and stored at 220uC until processed for immunohistochemical or immunofluorescence labeling. macrophages and microglia) (53) , and CD68 (clone ED1, upregulated in phagocytic macrophages and microglia) (54) . Iba1 z and ED1 z cells are referred to here as microglia since little, if any, infiltration of peripheral macrophages likely occurred under the conditions of this study (see the Discussion). Primary antibodies were detected with biotinylated secondary antibodies and the avidin-biotin complex/ diaminobenzidine method; Ki67 and Iba1 were labeled sequentially in the same series of sections using Vector SG and diaminobenzidine, respectively. For immunofluorescence labeling of neuroblasts/immature neurons in the dorso-medial DG, binding of anti-doublecortin (DCX) (55, 56) was visualized with a cyanine-5-conjugated secondary antibody.
Quantitative Analysis
Stereological estimates of the densities of microglia (Iba1 z cells), proliferating microglia (Ki67 z /Iba1 z ), and activated microglia (ED1 z ) in the DG GCL/hilus were generated using the optical disector (57) . Labeled cells that were present at high density (Iba1 z cells in all groups, Ki67 z /Iba1 z and ED1 z cells in irradiated rats at 1 week) were counted using the optical fractionator workflow on the Stereo Investigator system (MBF Bioscience, Williston, VT). The low density and non-uniform distribution of Ki67 z /Iba1 z cells and ED1 z cells in the remaining groups required exhaustive counting within the entire DG GCL/hilus and was performed using the Neurolucida system (MBF Bioscience). Cell counts in the DG GCL/ hilus were expressed as the density of positive cells per mm 3 , and the percentages of proliferating and activated microglia were calculated from their estimated densities compared to the total density of microglia. In addition to counts in the DG GCL/hilus, Ki67 z /Iba1 2 cells and Ki67 z /Iba1 z cells were counted exhaustively in the DG SGZ (14) and expressed as linear densities (cells per millimeter of SGZ). DCX z cells were counted using a Leica TCS SP2 confocal microscope and a 633 oil-immersion objective moving field by field along the extent of the SGZ (complete z-series through the depth of the section in approximately 25 fields per section). The length of the SGZ in each section analyzed was measured using Neurolucida, and the densities of DCX z cells were expressed as number per millimeter of SGZ.
Statistical Analysis
Data were analyzed using Sigmastat 3.0 (SYSTAT Software, San Jose, CA). With one exception (ED1 z cells at 1 week), the main effects of irradiation status (sham compared to whole brain) and drug status (water compared to L-158,809) and interactions of the main effects were evaluated using two-way analysis of variance (ANOVA) with a significance threshold of P # 0.05. Where significant main effects were indicated, Holm-Sidek post hoc tests were completed. At 1 week, ED1 z cells were too rare in sham-irradiated animals for reliable quantification, so sham-irradiated animals were excluded from analysis and irradiated rats with and without drug treatment were compared by t tests. Large radiation effects on many variables resulted in non-normal distributions and/or unequal variance, violations of the assumptions of ANOVA that increased the possibility of Type I errors. The significant differences indicated in the affected cases were robust, however, and were confirmed using a non-parametric ANOVA on ranks (indicated where applicable).
RESULTS

Effects of Whole-Brain Irradiation and AT 1 R Antagonism on Body Weight and Water Consumption
In the 1-week survival group, whole-brain irradiation had no effect on body weight or water consumption. Table 1 . At 24 h after treatment, TNF-a expression was reduced 25-30% in irradiated rats [F(1,16) 5 14.66, P 5 0.001], with no effect of drug treatment. At 1 week postirradiation, there were no significant differences in TNF-a mRNA levels among the experimental groups. At 12 weeks, neither WBI nor L-158,809 resulted in an overall change in TNF-a expression, but there was a significant interaction between the factors [F(1,14) 5 5.74, P 5 0.03]. Specifically, TNF-a expression increased in irradiated rats that did not receive L-158,809 but not in drugtreated rats, and among sham-irradiated animals a small but significant increase in TNF-a expression was evident in drug-treated rats. IL-6 expression was decreased approximately 60% by radiation at 1 week postirradiation regardless of drug treatment [main effect whole-brain irradiation F(1,14) 5 20.87, P , 0.001] but was not affected by radiation or drug treatment at 24 h or 12 weeks. Expression of IL-1b and TGF-b was not affected by radiation or drug treatment at any time.
Ang II receptors and ACE2. Levels of mRNA for the AT 1 R and the AT 2 R were minimally affected by radiation and L-158,809 (Table 1) . At 1 week postirradiation, but not at 24 h or 12 weeks, small drug-induced increases in AT 1 R and AT 2 R expression were apparent in sham-irradiated and irradiated animals, respectively [AT 1 R main effect drug treatment F(1,16) 5 4.63, P 5 0.047; AT 2 R main effect drug treatment F(1,15) 5 6.36, P 5 0.02]. Western blot analysis in a separate (comparably treated) group of rats, however, did not reveal changes in AT 1 R at the protein level (data not shown; antibodies suitable for Western blot analysis of the AT 2 R were not available). ACE2 mRNA expression was not affected by radiation or drug treatment at any time.
Effects of Whole-Brain Irradiation and AT 1 R Antagonism on Microglia in the DG GCL/Hilus
In sham-irradiated rats, Iba1-labeled cells bore the highly ramified processes indicative of ''resting'' microglia ( Fig. 1 ) (58), and drug treatment had no apparent effect on the cells' morphology. In irradiated rats, at 1 and 12 weeks after irradiation, many microglia exhibited a moderately activated phenotype; i.e., microglial processes appeared somewhat shorter and wider than in sham-irradiated animals, and the intensity of Iba1 labeling appeared increased. Iba1 z cells with the appearance of activated, macrophage-like cells (large, round cell bodies and only a few short processes, Fig. 2J ) (58) were seen rarely and only in irradiated rats. Overall, there was a broad range of microglial morphologies in irradiated animals, and many cells appeared comparable to those in sham-irradiated rats. Drug treatment had no apparent effect on the morphology of microglia in irradiated rats.
Quantitative analysis (Fig. 3A) 
/Iba1
z cells, Fig. 1 ) were apparent in all animals but clearly were more abundant in irradiated rats. Most of the actively proliferating microglia bore extensive processes, and the Ki67 z /Iba1 z population exhibited a range of morphologies similar to that seen in the Iba1 z population as a whole. To better assess proliferation within the changing microglial population, we analyzed the percentage of Iba1 z microglia that were proliferating (Ki67 z , determined from sections double-labeled for Iba1 and Ki67). One week after irradiation, the percentage of dividing microglia (Fig. 3B ) was less than 1% in sham-irradiated controls compared to 16-20% in irradiated animals [F(1,14) 5 64.95, P , 0.001, confirmed by ANOVA on ranks]. Microglial proliferation was reduced to 2-3% of the total population at 12 weeks postirradiation but remained elevated in irradiated rats relative to sham-irradiated controls [F(1,15) 5 48.43, P , 0.001, confirmed by ANOVA on ranks]. There was no effect of drug treatment on proliferating microglia at either survival time.
ED1 typically labeled individual or small groups of puncta near or surrounding the nucleus of labeled cells (Fig. 2C and D) . As with Ki67/Iba1 labeling, qualitative assessment revealed a clear increase in ED1 z cells in irradiated rats but no apparent effect of L-158,809 treatment. At 1 week after irradiation, there were too few ED1-labeled cells in sham-irradiated animals for reliable analysis. In irradiated rats, treatment with L-158,809 did not change the density of ED1 z cells (whole-brain irradiation 2841 ± 681, whole-brain irradiation/L-158,809 2668 ± 675, mean ± SD per mm 3 ) or the percentage of microglia (45-50%) that were ED1 z (estimated from the densities of Iba1 z cells and z microglia (brown) was more or less homogeneous in both sham-irradiated (panel A) and irradiated (panel B) rats, although subtle differences in the density of microglia and processes made it possible to distinguish the GCL from the hilus and the molecular layer (ML) of the DG. Whole-brain irradiation (WBI) resulted in regression of some finer microglial processes and a moderate increase in the intensity of Iba1 labeling (compare panels B and A and panels E, F and C, D). Ki67 labeling of proliferating cells was readily resolved at higher magnification in sham-irradiated (panels C, D) and irradiated panels (panels E-J) rats. In sham-irradiated rats (panels C, D), many Ki67 z /Iba1 2 cells (long arrows, presumptive neuronal progenitor cells) were present in the SGZ at the border of the GCL and hilus. Ki67 z /Iba1 2 cells in other regions (short arrow in panels D and I; presumptive macroglial progenitors) typically occurred singly or in pairs. In irradiated rats (panels E, F), fewer Ki67 z /Iba1 2 cells were evident in the SGZ while Ki67 z /Iba1 z proliferating microglia were more abundant throughout the DG (arrow in panel F and cells at higher magnification in panels G-J). Ki67 z /Iba1 z proliferating microglia in irradiated rats exhibited a variety of morphologies (panels G-J; asterisks indicate Ki67 z nuclei), similar to the microglial population as a whole. Drug treatment had no apparent effect on Iba1 labeling. Scale bars 5 125 mm (panels A, B), 25 mm (panels C-F), 12.5 mm (panels G-J). . L-158,809 treatment had no effect on the radiation responses and no effect alone in sham-irradiated animals ( Fig. 4A and B) .
At 12 weeks, the density of proliferating microglia remained higher in irradiated than in sham-irradiated rats [ Fig. 4A, F(1,27) (Fig. 4B ) and was not affected by drug treatment.
At 1 and 12 weeks after irradiation there were robust reductions in the density of neuroblasts/differentiating neurons in irradiated rats compared to sham-irradiated controls [ Fig. 4C ; whole-brain irradiation , 8% of sham at 1 week F(1,16) 5 62.50, P , 0.001; whole-brain irradiation , 40% of sham irradiation at 12 weeks F(1,14) 5 42.00, P , 0.001, confirmed by ANOVA on ranks]. Treatment with L-158,809 had no significant effect at either time. The experimental design did not support direct statistical comparisons between the two survival periods, but the density of immature neurons in sham-irradiated, control animals appeared to be reduced at 12 weeks compared to 1 week, presumably due to aging. Despite the approximately 25% aging-related decrease in sham-irradiated animals, the density of immature neurons in irradiated rats (regardless of drug treatment) was severalfold higher at 12 weeks after irradiation than at 1 week.
DISCUSSION
RAAS blockade with L-158,809 prevents cognitive dysfunction in a rodent model of radiation-induced normal tissue injury (27) , but the mechanisms are not clear. Demonstrations that RAAS blockade has antiinflammatory effects in the lung and kidney (23, 47) and can modulate proliferation and neurogenesis in the brain (17, 26, 59 ) suggest possible mechanisms. In this and a previous study (16) , we tested whether L-158,809 alleviates WBI-induced inflammation and/or rescues neurogenesis, neurobiological changes that have been implicated in experimental studies of WBI-induced cognitive dysfunction (7, 35) . We reported previously that L-158,809 treatment did not alter neurogenesis or microglial markers of neuroinflammation at 6 and 12 months after fractionated irradiation (16) in a group of rats in which radiation-induced cognitive dysfunction was apparent and ameliorated by L-158,809 treatment (27) . The observation that L-158,809 treatment for only a few weeks after fractionated irradiation also protected cognitive function (27) suggested that the drug's benefits might involve earlier anti-inflammatory effects after irradiation; therefore, we tested effects of the drugs immediately and for several weeks after irradiation.
Cytokine Expression after Whole-Brain Irradiation and AT 1 R Antagonism
Cytokine expression increases after irradiation, peaking within 2 to 4 h and then typically returning to control levels by 24 h (46, 47, 49) , a pattern similar to that seen after other nervous system injuries (48, 60-62).
Although the most robust cytokine responses occur acutely after irradiation, longer-term cytokine changes also may occur (47) . Moreover, drugs with antiinflammatory efficacy may alter the time course as well as the extent of cytokine responses. We tested whether TNF-a or the other cytokines showed elevations in the hippocampus from 1 day to 12 weeks after a 10-Gy dose and found that radiation-and AT 1 RA-induced changes in cytokine expression at those times were small, consistent with previous reports of levels near controls by 24 h after irradiation (49) . TNF-a expression was moderately suppressed by radiation at 1 day (presumably after a robust increase several hours earlier) (49); this decrease was observed with or without AT 1 RA treatment. Recovery of TNF-a expression to shamirradiated levels at 1 week postirradiation was accompanied by decreased expression of IL-6, consistent with previous reports of feedback interactions between the two cytokines (63) . As for TNF-a, the modest effects of radiation on IL-6 expression were not affected by the AT 1 RA. A radiation-induced increase in TNF-a expression at 12 weeks was significant only in rats that were not treated with L-158,809, suggesting the AT 1 RA modestly reduced a chronic, radiation-induced increase in TNF-a expression. Overall, however, this study revealed little effect of the AT 1 RA on cytokine expression at the level of the whole hippocampus in the period after the acute, peak cytokine response. Additional studies will be required to assess whether there is greater modulation of cytokines at the level of individual tissues or cells within the hippocampus.
Ang II Receptor Expression after Whole-Brain Irradiation and AT 1 R Antagonism AT 1 R antagonism raises Ang II levels (27) and increases the availability of Ang II to bind to AT 2 R; thus an AT 1 RA may affect both receptors. In the present study, AT 1a R mRNA expression was modestly increased in L-158,809-treated, sham-irradiated rats, consistent with upregulation in response to reduced ligand binding (64) , but Western blot analysis in a separate group of rats did not reveal changes in the AT 1 R at the protein level. Drug treatment increased AT 2 R mRNA expression modestly when L-158,809 was combined with single-dose radiation, possibly due to increased availability of Ang II to the AT 2 R after AT 1 R blockade, since Ang II binding upregulates AT 2 R expression (65) . Although upregulation of AT 2 R expression has been reported after a number of neural injuries and may have neuroprotective functions (17, 66) , radiation alone did not alter its expression.
Microglial Responses to Whole-Brain Irradiation and AT 1 R Antagonism
Our cellular analysis of the inflammatory response focused on microglia in the DG, where radiation-
induced changes in inflammatory cells and neuronal progenitors have been linked to cognitive deficits. In principle, the cells identified here as microglia may have included some peripherally derived macrophages; antiIba1 and other commonly used markers label both microglia and macrophages, and the cells develop common morphologies when highly activated. It is likely, however, that the Iba1 z population and proliferating and ED1
z cells within the Iba1 z population represented primarily, if not exclusively, intrinsic microglia. Although some investigators reported changes in the blood-brain barrier (BBB) in response to 10 Gy radiation (67, 68) , a recent study demonstrated that brain irradiation at 10 Gy was not sufficient to result in migration of macrophage precursors from the periphery into the CNS (69) .
Whole-brain irradiation, but not AT 1 R blockade, significantly altered microglial population dynamics in the hippocampus. At 1 week after irradiation, many more microglia were proliferating and/or activated in irradiated rats than in control animals, even though the total density of microglia was reduced [see also ref. (14)]. Greater proliferation in a smaller population indicates substantial microglial turnover in the days after irradiation (70) . This increased proliferation at 1 week after irradiation was similar to that seen in other injury models (58, 70) . radiation-induced microglial proliferation and activation (as seen by CD68 expression) remained elevated at 12 weeks, but the response was less robust than at 1 week, suggesting gradual stabilization of the microglia (at least with respect to markers typically assessed in studies of radiation-induced neural changes). Significantly, L-158,809 treatment had no effect on microglial proliferation or CD68 expression. This failure of AT 1 R blockade to modulate radiationinduced expression of CD68 is consistent with two recent reports that RAAS inhibition using the ACEi ramipril does not reduce the density of CD68 z cells in the DG SGZ of rats after 10 Gy irradiation, despite modest effects on neurogenesis (26, 71) . The microglial indices assessed here, as in the ramipril studies (26, 71) , were those most commonly used in studies of radiationinduced neuroinflammation. Additional studies will be required to assess other aspects of the microglial phenotype (e.g., production of anti-inflammatory signals and/or trophic factors) (72) that might provide a substrate for beneficial effects of the AT 1 RA on cognitive function.
Proliferation and Neurogenesis in Response to WholeBrain Irradiation and AT 1 R Antagonism
Radiation-induced suppression of hippocampal neurogenesis is well documented (7, 33, 35, 73) and has been correlated with deficits in hippocampal-dependent cognitive tasks (74) . Ang II receptors can influence cell proliferation and neuronal differentiation (17) , so it is reasonable to expect that AT 1 R antagonism might modulate the radiation-induced deficits in proliferation and neurogenesis in the SGZ. In this study, as in previous ones (14, 43) , radiation had no effect on the total number of proliferating cells in the SGZ at 1 week after irradiation. Phenotypic analysis of proliferating cells revealed, however, that at 1 week postirradiation increased proliferation of microglia (Ki67 z /Iba1 z ) was similar in extent to decreased proliferation of nonmicroglial progenitors (Ki67 z /Iba1
2 ). The Ki67 z /Iba1 2 population within the SGZ presumably represented primarily neuronal progenitors, and possibly a small population of macroglial progenitors (34, 75) . Proliferation of the presumptive neuronal progenitor cells remained suppressed at 12 weeks after irradiation, when radiation-induced microglial proliferation was subsiding, resulting in an overall decrease in proliferation similar to that reported previously (43) . Radiation greatly reduced the density of neuroblasts and differentiating neurons (DCX z cells). DCX provides an indirect index of the ongoing addition of neurons, since regulation of survival and integration may occur after cells become DCX z . This marker permitted us, however, to assess ongoing neuronal turnover in the same way at the 1-and 12-week survival times (1-week survival is insufficient to birth-date cells with bromodeoxyuridine and allow them to differentiate). Previous studies demonstrated directly that quantification of DCX-expressing cells provides an accurate assessment of changes in adult neurogenesis (56) . In the present study, the density of DCX z cells appeared to recover partially by 12 weeks after irradiation, even though proliferation of neuronal progenitor cells remained greatly suppressed. Thus there appears to be some capacity for spontaneous recovery of neurogenesis that involves mechanisms downstream of progenitor proliferation [this study and ref. (76) ], in addition to recovery promoted by environmental enrichment (77) or exercise (78) . The failure of L-158,809 treatment in the present study to protect or promote recovery of neurogenesis in irradiated rats or to alter neurogenesis in sham-irradiated controls stands in contrast to a report that RAAS inhibition with the ACEi ramipril slightly ameliorates a (10-Gy) radiation-induced reduction in DCX z cells (and also decreases DCX z cells in shamirradiated controls) (26) .
Drug Efficacy and Additional Mechanisms of Action
L-158,809 clearly reduces radiation-induced inflammation in the kidney and lung (23, 24) but had little ability to ameliorate the measures of radiation-induced neurobiological changes that were assessed here. Such results require consideration of the route of drug delivery, access to the CNS, and dosage, since all influence the ability to affect neural responses (79) . Measurement of body weight and water/drug consumption throughout the course of this experiment confirmed that drug-treated rats consumed a consistent dose of L-158,809 and that the dose was not affected by radiation. We observed the same polydipsic effect of drug treatment seen in previous studies, demonstrating that the drug was active. As a class, nonpeptide Ang II antagonists share high lipophilia, which facilitates crossing of the BBB, and also have intermediate or better bioavailability after oral administration [reviewed in (32) ]. L-158,809, specifically, has complete bioavailability after oral administration in rats (80) and a duration of action exceeding 6 h after a single oral dose (31) . Although there are no specific analyses of the ability of L-158,809 to block AT 1 R in the CNS, several laboratories have demonstrated that drugs of this class cross the BBB, are distributed in the brain, and block AT 1 RA in the brain (81) (82) (83) (84) (85) . Moreover, these drugs can be neuroprotective (86, 87) and, in some cases, such protection includes anti-inflammatory effects and/or reduction of oxidative stress (22, (88) (89) (90) . Studies over two decades demonstrate directly that peripheral administration of AT 1 RA (orally, subcutaneously and/or intravenously; acutely or chronically) blocks effects of Ang II within the CNS (91-95). More specifically, two laboratories reported that systemic treatment with L-158,809 (acutely and at doses lower than that used here) reduced the effects of Ang II within the brain (96, 97) . Finally, chronic treatment with L-158,809 as in the current study (20 mg/ liter in drinking water) produced multiple changes in the brain RAAS that would counteract actions of Ang II (98) . Taken together, this evidence supports the conclusion that L-158,809, as delivered in this study, reaches the brain and reduces Ang II signaling through the AT 1 R but does not modulate common neuroinflammatory markers and neurogenesis.
The absence of AT 1 RA-dependent modulation of inflammatory markers and neurogenesis leads one to consider other mechanisms that might contribute to the amelioration of radiation-induced cognitive deficits by L-158,809 (27) . The complexity of the RAAS and the pleiotropic effects of drugs that target it suggest multiple targets for future investigation. RAAS inhibitors may modulate synaptic transmission through effects on Ang II receptors (99, 100) . Modulation of the classical RAAS (AngII and AT 1 -and AT 2 R) also can alter signaling by the more recently identified angiotensin IV (AngIV)/ AT 4 R system. The latter has been implicated in a variety of neural functions (e.g., cognitive processing, neural protection, plasticity and blood flow), with demonstrated effects on neuronal firing, long-term potentiation, learning and memory (101, 102) . In addition to possible effects on neuronal signaling mediated by the AT 1 R and/ or AT 4 R, decreased AT 1 R activity and increased AT 2 R activity in the presence of AT 1 R antagonists has been shown to promote cell differentiation (103) . Thus AT 1 R blockade may promote the differentiation and integration of newborn neurons in the DG through effects on AT 2 R signaling. Further increasing the range of possible mechanisms of action, the brain RAAS may interact with other signaling systems that have been implicated in radiation-induced brain injury. A recent study demonstrated that beneficial effects of an AT 1 RA on cognitive function after chronic cerebral hypoperfusion are mediated in part through peroxisome proliferatoractivated receptor-gamma (PPAR-c) activation (104) . PPAR-c agonists, like AT 1 RAs, significantly improve cognitive measures in our rat model of radiationinduced cognitive dysfunction (105) .
Summary
The AT 1 RA L-158,809 ameliorates cognitive impairment in young adult rats when measured 6 months or 1 year after fractionated whole-brain irradiation (27) . It does not, however, alter the most extensively studied radiation-induced changes in the hippocampus, microglial proliferation and activation and hippocampal neurogenesis, either at the time cognitive changes appear after fractionated irradiation (16) or in the shorter term after single-dose irradiation (present study). Radiationinduced cognitive impairment likely involves multiple neurobiological changes that (1) may be independent of the inflammatory processes and altered cell turnover that have been implicated previously and (2) may be modulated by the brain RAAS and/or drugs that target the RAS. Given the robust, protective effects of RAAS inhibitors in our rodent model of radiation-induced brain injury, and their promise for reducing radiationinduced cognitive dysfunction in cancer patients, additional studies are required to elucidate and test the mechanisms of normal tissue injury that may contribute to cognitive dysfunction and that may be modulated by this class of drugs.
